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When a task or a project calls for the use of accelerators, these
have to be chosen in such a way as to match best the requirements.
The procedure applied in such cases is outlined in an example of a
medical facility for cancer treatment.
1. INTRODUCTION
The choice of an accelerator for a given facility is not a simple affair, it requires a good
knowledge of several types of accelerator, which can be quite different in the way they
operate. In a course like the present Applications of Cyclotrons and Linacs, it would have
been natural to try to compare these two types, and figure out which one is better suited for a
specified task. But, even among cyclotrons, various types exist, and the same is true for
linacs. In practice, one would require different specialists to analyse, compute, and optimize
different types of accelerators and, in the end, one would have to choose the best solution,
which is usually possible only after long discussions. To simplify things, this paper deals only
with linear accelerators, but nevertheless establishes procedures by which different types of
linac are chosen to form an accelerator complex best suited to the task.
In Section 2 the task is specified, in this case a compact accelerator for medical
purposes. Section 3 gives some preliminary design considerations, while Section 4 outlines
the design method and gives some results. In Section 5 the solution is discussed, and
Section 6 gives the concluding remarks.
2. DESCRIPTION OF THE TASK
The task we have chosen to demonstrate, the design procedure of an accelerator facility,
is really under study. It is an Italian project, aimed at establishing a network of hospitals
equipped with accelerators for cancer treatment. The project is called TERA, the Italian
acronym for hadrontherapy (terapia con adroni). Protons and light ions, like carbon or
oxygen, seem well suited to the treatment of tumours: the distructive action of a beam of such
particles can be directed on the cancerous cells, leaving the healthy tissue practically
unharmed. This is due to the fact that the destructive action of the beam is mostly
concentrated on the part of the body in which the particles are brought to a stop (Bragg peak).
By varying the energy of the beam and scanning it sidewise, one can expose only the region
of the cancerous cells of a tumour to destruction, and spare the healthy tissue.
In the TERA project, one of the hospitals in the network is the Centre, being the one
best equipped with accelerators and with beam delivery systems to the various treatment
rooms. Other hospitals are to be equipped with compact accelerators, i.e. accelerators of
limited size and weight. Among the candidates for a compact accelerator are the cyclotrons
(normal and superconducting) as well as linacs. In the latter case, in order to make the
accelerator small, one is tempted to go to high frequencies, and compose the compact
accelerator of various linac structures, each being the best choice in its energy range.
The specifications for a compact accelerator determine the particle type (proton), its
maximum energy (200 MeV), the number of particles accelerated per second (2 ·  1010) and,
if the beam is pulsed, a minimum repetition rate (100 Hz). In addition, the requirements are to
construct a reliable machine, easy to operate and to maintain, which means that one should
rely on ‘proven technologies’. The accelerator should fit in a room of 100 square metres
maximum, all equipment included. Of course, the ‘cost efficiency’ of the proposed
accelerator could, in the end, be the determining factor for the choice.
This paper deals with the design of a compact accelerator composed of linacs operating
in the standing wave mode.
3. PRELIMINARY DESIGN CONSIDERATIONS
Before starting to design linacs as elements of the compact accelerator, one has to
define the compact accelerator itself in general terms. The following preliminary
considerations are of interest:
• Peak intensity in pulsed beams: the average current corresponding to the required
2 · 10 particles per second is very small, approximately 3 nA (linacs can handle
100 mA and more); therefore, to save RF power, one can operate the linacs in a
pulsed regime. For pulsed beams, a minimum repetition rate of 100 Hz is required by
the physicians; if the beam pulse is 3 m s long the peak current in the pulse is:
3nA
100 Hz⋅3 µs
= 10 µA ,
which is again very small, even if one includes a safety factor in the peak current.
• Approximate compact linac length: at this stage, we do not distinguish between the
various types of linacs used in the accelerator and apply the simple formula:
L = 200 MeV
qE0T cosϕs
,
where q is the charge of the proton, E0T is the effective accelerating field which we
assume to be 10 MV/m, j s is the synchronous phase, @  –20
o
, and L  is the
approximate accelerator length, for which we get 22 m. Adding 20% to this length for
drift spaces between linac tanks, etc., we see that the accelerator will be about 27 m
long.
• RF and mains power: again we do not distinguish between the various parts of the
compact accelerator and apply the following formula for the peak RF power required





where Zseff is the effective shunt impedance per unit length [1], assumed  here to be
about 50 M W /m; one obtains Pp = 45 MW. (The additional power which is delivered
to the beam being accelerated is neglected because of the very small beam current.)
The average RF power is, of course, much lower, and is obtained by multiplying Pp
by the RF duty factor (product of the repetition rate, 100 Hz, and the RF pulse length,
10 m s [beam pulse length, 3 m s, + RF field build up, 7 m s]):
Pa = 45 kW  .
Assuming that the efficiency of the RF power production is 40%, we would require a
mains power of
Pmains  @  115 kW .
• Elements of the accelerator complex: the first linac in the complex is the radio-
frequency quadrupole (RFQ) [2–4], which accepts protons with input energies as low
as a few tens of keV, and then accelerates them to a few MeV. Protons gain their
input energy in an electrostatic accelerator. At high energies (from about 100 MeV
on) the side-coupled linac (SCL) [5] is a very suitable structure, operating efficiently
at very high frequencies, such as 3 GHz. For intermediate energies, between for
example 5 and 100 MeV, one uses the drift-tube linac (DTL) [6], which usually
operates in the frequency range of a few hundred MHz. Figure 1 shows schematically
the layout of the linacs, also including the ion source with the electrostatic accelerator
and the beam transport and matching lines.
Fig. 1 Elements of the accelerator complex.
• Choice of frequencies: high frequencies are preferred for several reasons:
i) the accelerator is smaller;
ii) less RF power is required as Zseff µ  f1/2 [7], f  being the RF frequency;
iii) RF power generation is cheaper;
iv) the breakdown limit is higher. According to Kilpatrick’s law [8], the
breakdown field increases approximately as f 0.4.
An interesting frequency is 3 GHz, where the RF power generation technique is very
well developed. However, as we shall see, such a high frequency can be used only at
higher energies, approaching 100 MeV. At lower energies one has to use a
submultiple of 3 GHz, and then pass to the higher frequency when possible.
• Phase acceptance and phase damping: a linear accelerator, apart from the RFQ,
accepts bunches with a phase spread of up to three times the synchronous phase angle
with which the linac operates. In linacs the phase extension of the bunch is damped
proportionally to (bg )–3/4. When passing to a higher frequency linac in a chain of
accelerators, one must make sure that the phase spread has been sufficiently damped
beforehand, because it will be increased by the ratio of the higher to the lower
frequency.
4. DESIGN METHOD
Our design method is to analyse separately the various linacs composing the compact
accelerator, and then try to match them to each other. It is convenient to start with the most
important linac, which in our case is the SCL. The SCL is the last accelerator in the chain,
which will bring the particles to 200 MeV; we shall operate it at the high frequency of 3 GHz.
The design of a linac is always an iterative process, as the optimization depends on
many parameters, which are interrelated.
4.1 Side-Coupled Linac (SCL)
The SCL contains accelerating and coupling cells, which form a tank; a tank contains a
limited number of cells (for example, about 15 accelerating cells), and between tanks one
places magnetic quadrupoles in order to focus the beam. The electromagnetic energy passes
from one accelerating cell to the next via the coupling cell and from tank to tank via the
bridge coupler, as shown in Fig. 2.
Fig. 2 SCL tanks connected via a bridge coupler (not to scale).
The effective shunt impedance, Zseff, of a linac depends greatly on the size of the
aperture for the passage of the beam. This aperture is a function of the beam emittance, of the
margin we leave for alignment tolerance, and of the distance between focusing elements. For
a tank containing 15 accelerating cells and for a normalized beam emittance (geometrical
emittance multiplied by relativistic factors b g ) of 0.2 p  mm mrad, an aperture radius of 3 mm
is found to be sufficient. All the cells in a tank are the same, corresponding to the average
beam velocity in this tank. With the structure design program SUPERFISH [9] we shape the
SCL cells in order to obtain an optimum Zseff. Figure 3 shows the Zseff of the SCL tanks for
different particle energies.
The graph in Fig. 3 is very instructive: it shows how the SCL becomes less efficient at
lower energies. The reason for this becomes clear in Fig. 4: at low energies the cells are very
short and there is an important RF energy loss per unit length on the walls.
Fig. 3 Zseff of SCL tanks as a function of energy.
Fig. 4 Shape of an SCL tank at different energies.
We decide, for the time being, that the SCL should start at about 70 MeV. We still have
to choose the average accelerating field in the tanks, E0. A high E0 makes the accelerator
short (interesting for a hospital), but the required RF power increases, being proportional to
E0
2
. The Kilpatrick breakdown limit Ek is, at 3 GHz, 47 MV/m (see Fig. 5), and as this limit
is very conservative, one usually allows for the maximum surface field Es £  2 Ek. In SCL
structures, due to their geometry, Es @  6 E0; from this a reasonable value for E0 is about
15 MV/m.
Fig. 5 Kilpatrick breakdown limit as function of frequency.
To design an SCL linac the following procedure is used:
i) A structure program like SUPERFISH determines the geometry of linac cells
corresponding to the frequency of 3 GHz and to different particle velocities; the
cells have a bore radius of 3 mm. The program also computes the field
distribution in the cell, the transit-time factor T, the wall losses, etc. The program
SUPERFISH is well known and used in many laboratories.
ii) The cells are grouped in tanks with a linac design program; once the synchronous
phase angle is specified (in our case j s = –15o), the design program computes the
energy gain of each tank, and determines the required focusing strength of
magnetic quadrupoles. Linac design programs are more specific and differ from
laboratory to laboratory.
iii) The last step in the calculation is made with a beam simulation program, which
simulates the beam by a few thousand particles and follows them through the
linac; if the result is not satisfactory, one starts the whole procedure again, after
having changed some design parameters. The simulation program for the SCL
differs again from laboratory to laboratory.
In Fig. 6 accelerating cells for different energies are presented, computed by
SUPERFISH. To keep the resonant frequency always at 3 GHz, the ratio g/L (gap to cell
length) had to be varied from 0.255 (at 70 MeV) to 0.386 (at 200 MeV). Table 1 gives some
results of the linac design program: the SCL accelerator is about 12 m long (including
intertank distances), contains 30 tanks (the tank length increases from 26 cm at the beginning
to 39.5 cm at the end) with 14 accelerating cells each, and consumes 26 MW of peak RF
power. As 3 GHz klystrons with Pp = 30 MW are available on the market, only one klystron
suffices for the whole SCL, which is interesting as far as costs are concerned (one big
klystron is cheaper than several smaller ones giving the same power). The magnetic
quadrupoles placed between the tanks (the intertank distance is 1.5 b l ) are 38 mm long and
their gradients start with 117 T/m (tesla/m) and are reduced gradually to 88 T/m (these
gradients correspond to the specified phase advances per period of 45o at 70 MeV, falling
gradually to 30o at 200 MeV); the bore radius is 3 mm. The results of the beam simulation
program are shown in Figs. 7 and 8. Figure 7 presents the various beam profiles along the
SCL, while Fig. 8 gives the input and output phase space projections. No particles are lost in
the SCL, as the beam is well inside the aperture.
Fig. 6 Accelerating cells of the SCL as computed by SUPERFISH (presented with and without the triangular
mesh of variable size).
Fig. 7 Beam profiles plotted against tank numbers along the TERA SCL. The display at the top shows the
horizontal (x) coordinates of the beam; the centre display shows the phase spread of the beam; and the
bottom display shows the energy spread.
Fig. 8 Input (upper three displays) and output (lower three displays) phase–space projections of the beam in the
TERA SCL: x–x', y–y', and d f –dW.
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 1 259.75     314.8   73.80 61.7 0.877   0.88 –116.4
 2 265.20     636.3   77.27 63.3 0.874   1.75 115.3
 3 270.60     964.3   80.82 64.9 0.871   2.62 –114.3
 4 275.94   1298.8   84.43 66.4 0.869   3.49 113.3
 5 281.23   1639.7   88.12 67.9 0.867   4.36 –112.2
 6 286.46   1987.0   91.87 69.3 0.866   5.22 111.3
 7 291.64   2340.6   95.70 70.7 0.865   6.09 –110.3
 8 296.76   2700.4   99.59 72.0 0.864   6.95 109.3
 9 301.82   3066.4 103.55 73.3 0.864   7.82 –108.3
10 306.83   3438.4 107.57 74.5 0.864   8.68 107.4
11 311.78   3816.5 111.66 75.7 0.864   9.55 –106.4
12 316.67   4200.5 115.81 76.9 0.865 10.41 105.5
13 321.50   4590.4 120.03 78.0 0.865 11.28 –104.5
14 326.28   4986.1 124.31 79.1 0.866 12.14 103.6
15 330.99   5387.5 128.65 80.1 0.867 13.01 –102.7
16 335.65   5794.6 133.04 81.1 0.868 13.88 101.7
17 340.25   6207.3 137.50 82.0 0.869 14.75 –100.8
18 344.79   6625.5 142.01 82.9 0.871 15.62 99.8
19 349.27   7049.1 146.59 83.8 0.872 16.49 –98.9
20 353.69   7478.1 151.21 84.7 0.874 17.36 98.0
21 358.06   7912.5 155.90 85.5 0.875 18.24 –97.0
22 362.37   8352.0 160.63 86.2 0.877 19.12 96.1
23 366.62   8796.8 165.42 87.0 0.879 19.99 –95.1
24 370.81   9246.6 170.26 87.7 0.881 20.88 94.2
25 374.94   9701.4 175.15 88.4 0.883 21.76 –93.2
26 379.02 10161.3 180.09 89.0 0.885 22.64 92.2
27 383.04 10626.0 185.08 89.7 0.887 23.53 –91.3
28 387.01 11095.5 190.12 90.3 0.889 24.42 90.3
29 390.92 11569.8 195.21 90.8 0.891 25.31 –89.3
30 394.77 12048.7 200.34 91.4 0.893 26.20 88.3
Total peak RF power: 26.20 MW
4.2 Radio-Frequency Quadrupole (RFQ)
Having determined the high-energy end of the compact accelerator (SCL from 70 to
200 MeV), we now consider the low-energy part and proceed by designing an RFQ. To
accept the beam, the average aperture radius of the RFQ is 2 mm. For the correct functioning
of the RFQ, the cell length ( b l /2) should be at least as long as the aperture radius. Assuming
an injection energy of 80 keV ( b   = 0.013), we find that l  > 0.3 m or f < 1 GHz. So, for the
operating frequency of the RFQ we choose the highest acceptable submultiple of 3 GHz,
i.e. 750 MHz.
To design the RFQ one proceeds essentially in the same way as with the SCL. Having
decided to use the ‘four-vane RFQ’, it suffices, due to symmetry, to compute only an octant
of it by SUPERFISH, as shown in Fig. 9. The inner diameter of the RFQ is 10 cm. To
facilitate the design, the RFQ is usually divided into several sections, each section performing
a specified action on the beam. Most of the RFQ design programs now in use were started at
Los Alamos National Laboratories (LANL), USA. In our case, the beam intensity is rather
low and consequently the transmission efficiency is of minor importance. It matters more to
maintain the beam emittances, as one has to inject into other accelerators and even jump in
frequency. Figures 10 and 11 show outputs of the beam simulation program. Figure 10 shows
the various beam envelopes along the RFQ, while Fig. 11 presents the evolution of the beam
in the longitudinal phase plane: one sees how the beam gets progressively bunched, and how
it is well inside the separatrix. The RFQ accelerates to 4 MeV, an energy sufficiently high to
inject into the following accelerator, the DTL. The RFQ is 2.6 m long and its transmission
efficiency is nearly 90%. The peak RF power to cover structure losses is about 0.4 MW, the
average one is about 1000 times smaller. As it is well known, the RFQ does not need an outer
focusing, because all the actions on the beam (bunching, acceleration and focusing) are
performed by the RF electromagnetic fields.
Fig. 9 An octant of the RFQ computed by SUPERFISH.
Fig. 10 Beam profiles along the RFQ; the top two displays show the horizontal and vertical beam envelope; the
third display shows the phase spread and the fourth one the energy spread.
Fig. 11 The evolution of the longitudinal phase plane in the RFQ: the separatrix and the longitudinal beam
emittance.
4.3 Drift Tube Linac (DTL)
The DTL, operating at 750 MHz, has to accelerate the beam from 4 to 70 MeV; at its
output, the beam must be sufficiently damped in phase to allow a frequency jump of 4 in the
SCL.
Fig. 12 A cell of the DTL computed by SUPERFISH (variable mesh size).
Proceeding again in the usual way, we compute some cells using SUPERFISH (an
example of a cell is shown in Fig. 12) and then use a design program such as PARMILA
(developed at LANL) which interpolates between SUPERFISH results and creates a linac
according to our specifications. We have specified the average field on the axis,
E0 = 6.6 MV/m (which keeps the maximum surface field Es below 2 Ek ), the synchronous
phase angle j s = –30
o
, the focusing and FFDD with all quadrupole gradients being 20 T/m —
except the first four which will serve for matching. PARMILA has calculated a DTL with 145
cells and a length of 13.5 m. The peak RF power consumption is about 9 MW. The outputs of
the beam simulation program are shown in Figs. 13 and 14. Figure 13 presents the beam
envelopes and we see that they perform betatron and synchrotron oscillations: we have
deliberately slightly mismatched the beam at the input to the DTL to see the effects. Figure 14
shows some characteristics of the output beam. Of particular interest is the phase spread, as
we have to inject into the SCL, which has a four times higher frequency and operates with a
synchronous phase angle of –15o. The phase spread of – 5o (which will become – 20o with
respect to the frequency of 3 GHz) is too high. We will either have to match better into the
DTL or increase the synchronous phase angle in the first few tanks of the SCL.
Fig. 13 Beam sizes along the DTL in the horizontal, vertical, and longitudinal direction.
5. DISCUSSION OF THE RESULTS
In Section 4 we have shown the main lines of an approach to the design of the
accelerator complex intended for medical purposes. Very common types of accelerators have
been chosen: the RFQ in the low energy range, where a beam bunching is also necessary; the
DTL in the middle energy range, where a quadrupole focusing in each cell is available; and
the SCL in the high-energy range, where one could apply the high frequency of 3 GHz. The
emphasis in our study has been given to the design of cavities and to the beam dynamics.
Normally a thorough matching study between the accelerators would follow with a beam
simulation through the whole machine. A reconsideration of input and output energies of
various accelerators (for example, as a function of their respective Zseff) could also be
undertaken in the final optimization.
Fig. 14 Output beam characteristics of the DTL: the upper displays show the phase spectrum and the cross-
section of the beam; the lower displays show the longitudinal beam emittance and the energy spectrum.
The accelerator complex, including the ion source and the matching lines, is about 30 m
long. To place the accelerator more conveniently in a room, one would envisage a 180o bend
after the DTL. In this case, the two parts of the compact accelerator, about three to four
metres from each other, would leave enough space to place all the electronics and additional
equipment between them. The peak RF power consumption at 3 GHz is about 26 MW, and at
750 MHz it is about 10 MW. The bigger power consumption at the higher frequency is due to
the much higher field E0 in the SCL, chosen in order to shorten the accelerator complex.
The RF power generation at 750 MHz is much less developed than at 3 GHz, and in
addition it is expensive. It would be advantageous for the medical accelerator to find means to
switch to the higher frequency at a lower energy and drastically reduce the power
consumption at 750 MHz. This has in fact been done for the TERA project... but that is
another story.
6. CONCLUDING REMARKS
The design of an accelerator complex, apart from the electrodynamics and beam
dynamics problems treated in this paper, of course involves other subjects which have to be
properly dealt with. The mechanics has to provide a rigid structure, easy to align, and
thermally stable (water cooled, if necessary); the RF has to be properly fed into the cavity, so
that the latter is matched to the RF line, and the amplitudes and phases of the fields in the
cavities have to be kept in tight tolerances. The vacuum system has to provide the required
operational pressure (in the range of 10–7 Torr) and the control system must be capable of
handling remotely all of the major parameters. The diagnostics equipment plays an important
role in the commissioning of the accelerator, as well as in its operation.
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